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Abstract
It has previously been demonstrated that an inspiratory resistive load applied to the airways Background -Resistive load applied to the airways may induce diaphragmatic fa-may induce diaphragmatic fatigue, provided that some threshold relevant to the magnitude tigue, and hypoxaemia has been shown to predispose to the development of fatigue. of the work performed by respiratory muscles and to the timing of the respiratory cycle is Inspiratory muscle fatigue may occur in patients with obstructive sleep apnoea syn-reached. 1 Moreover, hypoxaemia has been shown to facilitate the development of fatigue of drome (OSAS), as these patients repetitively develop both inspiratory loading inspiratory muscles during inspiratory loading. 2 Patients with obstructive sleep apnoea synand hypoxaemia. The results of previous studies on this topic are inconclusive, drome (OSAS) develop both inspiratory loading 3 and hypoxaemia 4 secondary to the probably because of the methodological approaches used.
recurrent upper airway obstruction. It has therefore been hypothesised that inspiratory Methods -Six obese patients with OSAS underwent a polysomnographic study. The muscle fatigue may occur during sleep in such patients.
diaphragmatic pressure time index (PTI) was evaluated as an indicator of dia-
The results published so far on this topic are controversial because of the different methodphragmatic contraction, and the mean frequency of the diaphragmatic electro-ological approaches. Martin et al 5 were not able to find any evidence of fatigue when the myogram power spectrum (Fm) and the maximum relaxation rate of trans-diaphragmatic EMG power spectrum of patients with OSAS was evaluated during the diaphragmatic pressure (MRR) as indices of a fatiguing diaphragm. A total of 119 night. Similarly, Vincken et al 6 did not find electromyographic signs of diaphragmatic farandomly selected apnoeas (each including 5-13 occluded efforts) were ana-tigue in OSAS even though the values of the diaphragmatic tension-time index exceeded the lysed throughout the night in non-REM sleep to assess possible muscle fatigue due fatigue threshold at the end of apnoeas. Conversely, by evaluating maximal volitional octo the high pressure generation in each apnoea. A breath-by-breath within-cluded manoeuvres at the end of a night's sleep in patients with OSAS, Griggs et al found apnoea analysis was performed on the first three pre-apnoeic breaths, on all the oc-impaired inspiratory muscle contractility as demonstrated by a reduction in maximum recluded efforts, and on the first three un- 6 for the three lett Packard Co, Waltham, Massachusetts, USA) and on a magnetic tape recorder (Hew-breaths immediately preceding the apnoea onset, all the occluded efforts, and the first lett-Packard 3968A) for further analysis: electroencephalogram (C3A2 or C4A1 lead), three unoccluded breaths following the apnoea.
For each breath the following parameters were electro-oculogram and chin electromyogram by surface electrodes for conventional sleep calculated: peak inspiratory P (pP); mean inspiratory P (P ); maximum P relaxation staging; 8 oronasal flow (V ) by a light tightfitting face mask (approximately 80 ml dead rate, evaluated as the maximum rate of the P decay after the inspiratory peak normalised space, sealed to the face with a denture adhesive) with a pneumotachograph (Fleisch no. by pP (MRR); diaphragmatic pressure time index (PTI) according to the formula: 1) connected to a differential pressure transducer (MP-45 Validyne, range ±5 cm H 2 O, Validyne, Northridge, California, USA); pleural (P) and gastric (P) pressures by PTI= P  maxP ×T/Ttot%, two balloon tipped catheters positioned in the lower third of the oesophagus and in the stomach, respectively, connected to two calibrated differential pressure transducers (MP45 Vali-where P  is the mean P. For each inspiratory phase the sampled EMGdia signals were didyne, range ±80 cm H 2 O), referenced to atmospheric pressure; electrocardiogram (ECG) vided into continuous segments of 128 ms. A Fast Fourier Transform routine was used to by surface electrodes; diaphragmatic electromyogram (EMGdia) by an oesophageal elec-compute, for each segment, the mean frequency of the EMGdia power spectrum (Fm). trode made of two silver rings 2 mm wide, spaced 18 mm apart, mounted at the distal end For each segment the quality of the signal was checked by the computer software algorithms of a catheter anchored to the oesophagogastric junction by an inflated latex balloon: EMGdia proposed by Sinderby et al. 12 The EMGdia segments contaminated by the electrowas amplified and band pass filtered (25-500 Hz). The position of the P catheter cardiographic QRS complexes were not analysed. The value of Fm for each breath was was adjusted following the occlusion technique proposed by Baydur et al. 9 A perforated tube, calculated as the mean of Fm values relevant to all the segments composing the breath. close to the outside edge of the face mask, was connected to a mass spectrometer (Centronic The analysis of PTI, MRR and Fm data was performed both within each apnoea and MGA 200, Centronic Ltd, UK) to detect possible air leaks from the mask. The reference throughout the night. The within-apnoea analysis was based on the breath-by-breath evalusides of the P and P manometers were adjusted in length to balance the opposite sides ation of all the pre-apnoeic, occluded, and postapnoeic breaths. The analysis of variance was of the transducers and the balance was checked.
10 Maximal inspiratory pleural and used to evaluate the intra-apnoeic trend. The overnight analysis was performed for each subgastric pressures were obtained in all subjects in the supine position, before sleeping, during ject by computing the time course of PTI, MRR, and Fm during the night and the slope a maximal static inspiratory effort against a closed upper airway at functional residual cap-of the linear regressions between the values of PTI, MRR and Fm measured in the occluded acity using a mouthpiece as suggested by Laporta and Grassino 11 and maximum static effort showing the highest inspiratory pP of each selected apnoea and its time during the inspiratory transdiaphragmatic pressure (maxP) was calculated. A total of 119 night were calculated. The data management and all the statistical procedures were perapnoeas, each including 5-13 occluded efforts, recorded in non-REM sleep during the study formed by the Systat statistical software package (SYSTAT Inc, Evanston, Illinois, USA 
- 
All the subjects showed the same pattern of change in PTI, MRR, and Fm data. The results are presented as breath by breath analysis on the three pre-apnoeic breaths, all the occluded efforts, and on the first three post-apnoeic breaths for one representative subject in fig 1  (PTI), fig 2 (MRR), and fig 3 (Fm) . PTI showed low values before the apnoea, progressively increasing during the occluded phase value of 0.18 before apnoea termination. These peak PTI values were obtained at different time points -at the end of the apnoeic phase in some apnoeas and after several occluded breaths in others. MRR showed a slight increase during the apnoeic phase, reaching the highest value at the last occluded efforts ( fig 2) ; this increase was significant in all but one subject (PRO). Fm showed a slight decline in the pre-apnoeic and early occluded phase and then increased towards the end of the apnoea; similar values were obtained in the post-apnoeic breaths ( fig  3) . In subject FAS Fm did not follow this pattern in the occlusive phase, showing no significant changes. variables versus time of the night were positive or did not significantly decrease in all the subjects. No sign of reduction in the inspiratory efforts (decrease in PTI) or of changes in the indexes of diaphragmatic fatigue (decrease in MRR and/or Fm) were therefore found as an effect of the repeated occluded efforts during the night.
 

Discussion
Our results, based on both the mechanical and the electromyographic data, show that diaphragmatic fatigue does not occur as a consequence of OSAS in the range of severity of our subjects. We were not able to find any evidence of inspiratory muscle fatigue (in terms of reduction in Fm or MRR) either by breathby-breath analysis of individual apnoeas or as a cumulative effect of recurrent upper airway obstruction during the night. The ratio between the high and the low comgroup.bmj.com on April 18, 2017 -Published by http://thorax.bmj.com/ Downloaded from laxation rate has been demonstrated to be linearly correlated to the peak P; 16 since occlusive apnoeic efforts do not result in the development of maximum P values, the P relaxation rate increases as a result of a progressive increase in the developed P. This may obscure the possible tendency of P to decrease due to the developing muscle fatigue.
MRR is also influenced by the length of diaphragmatic muscle fibres and, as long as they shorten, MRR increases. 17 However, during obstructive apnoeas fibres lengthen due to the reduction in lung volume. 18 Moreover, the recruitment of different respiratory muscles may interfere with the measurement of MRR. The phase of P relaxation temporally coincides with the diaphragmatic post-inspiratory inspiratory activity (DIA). Its changes may influence MRR, but DIA abruptly decreases at the beginning of the occlusive apnoeic phase and its changes during this phase are minimal. 19 It is therefore unlikely that DIA modifies MRR during the occlusive phase. Alternatively, the contraction of abdominal muscles during expiration may influence the MRR, distorting the P wave. Contraction of abdominal muscles occurs during the late expiratory phase; after that DIA is terminated, 20 which is after the period during which MRR is measured. On this basis, no interference between the expiratory abdominal 
(PTI), (B) mean frequency of diaphragmatic electromyographic power spectrum (Fm), and (C) maximum transdiaphragmatic pressure relaxation rate normalised for
The time course of analysed variables (PTI, velopment of fatigue. This finding is in agreement with previous reports that have failed to demonstrate any decrease in H/L ratio relevant ponents of power spectrum (H/L) and Fm are indices able to demonstrate a shift in the EMG to the inspiratory efforts in the occluded phase. 5 6 In our study, during obstructive spectra from high to low frequencies. This kind of shift of the EMGdia power spectrum has apnoeas, potentially fatiguing PTI values are reached only in the last occluded efforts, and been shown to be closely related to the early development of diaphragmatic fatigue.
1 13 14 apnoea termination prevents the maintenance of such PTI levels for sufficient time to develop Mechanical parameters have been used for the early detection of diaphragmatic fatigue and fatigue. 6 Thus, mechanical loading associated with Esau et al 15 found that changes in the maximum relaxation rate of P may allow the prediction occlusive apnoeic efforts appears to be so shortlived as not to be sufficient to induce fatigue. of diaphragmatic fatigue. This index was found to correlate well with changes in H/L. In fact, However, the results of Griggs et al raise the hypothesis of a cumulation over time, the effect both indices showed a temporal relationship with muscle fatigue development, even though of which could only be noticed at the end of the night. 7 To test this hypothesis with the the maximum relaxation rate and H/L appear to be determined by different biochemical highest possible sensitivity we based our analysis on the breaths associated with the heaviest mechanisms.
H/L was used in previous investigations load -that is, with the highest developed P -occurring in the late apnoeic phase, although based on electromyographic signs of respiratory muscle fatigue. 5 6 Conversely, we used Fm since not necessarily associated with the last occluded effort. No subject (including DIM and PRO it has been shown to be more stable, reproducible and sensitive to muscle fatigue than whose mean generated P corresponded to 81% and 62%, respectively of maximum static H/L.
14 With regard to mechanical evaluation of fatigue in OSAS, a previous study was based P) showed any sign of diaphragmatic fatigue during the course of the night. The lack of on P maximum relaxation rate. We used the ratio between the latter index and pP to allow agreement with the results of Griggs and coworkers may be explained in the light of differa breath-by-breath comparison to be made between mechanical and electromyographic ent approaches to the evaluation of muscle contractility. The data of Griggs and coworkers indices during non-maximal non-volitional breathing manoeuvres. This normalisation is were obtained by maximal voluntary manoeuvres, whereas our results are derived from made necessary by the fact that the P re- to be much less affected. 
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